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Abstract: 23 
Eukaryotic nuclei are essential organelles, storing the majority of the cellular DNA, comprising the 24 
site of most DNA and RNA synthesis, controlling gene expression and therefore regulating cellular 25 
function. The majority of mammalian cells retain their nucleus throughout their lifetime, however, in 26 
three mammalian tissues the nucleus is entirely removed and its removal is essential for cell 27 
function. Lens fibre cells, erythroblasts and epidermal keratinocytes all lose their nucleus in the 28 
terminal differentiation pathways of these cell types. However, relatively little is known about the 29 
pathways that lead to complete nuclear removal and about how these pathways are regulated. In 30 
this review, we aim to discuss the current understanding of nuclear removal mechanisms in these 31 
three cell types and expand upon how recent studies into nuclear degradation in keratinocytes, an 32 
easily accessible experimental model, could contribute to a wider understanding of these molecular 33 
mechanisms in both health and pathology. 34 
  35 
 3 
Main text: 36 
Nuclei are the major membrane-bound organelles of eukaryotic cells and are essential for cellular 37 
function, storing the cellular DNA, acting as the main sites of DNA and RNA synthesis, regulating 38 
gene expression and therefore cellular function.1 However, in some mammalian cell types, 39 
programmed removal of the entire nuclear structure is essential for cellular function: lens fibre cells 40 
remove the nucleus and other organelles to produce the transparent lens structure, erythroblasts 41 
extrude the nucleus to form erythrocytes which can fit through capillary trees and in the skin 42 
keratinocytes terminally differentiate into enucleate cells devoid of all intracellular organelles to 43 
form the tough cornified layer, an essential component of the epidermal water barrier.2–5 44 
Yeast cells and some mammalian cells are known to undergo partial removal of nuclear material, by 45 
targeted autophagy of the nucleus or ‘nucleophagy’; micronuclei detach from the nucleus and fuse 46 
with LC3-positive autophagosomes, or autophagosomes can form directly at the nuclear envelope.6,7 47 
Lens fibre cells, erythroblasts and keratinocytes in mammals undergo programmed removal of their 48 
entire nucleus in the eye, bone marrow and epidermis respectively (Figure 1). The mammalian 49 
nucleophagic mechanisms have until recently been relatively unclear and whether these processes 50 
are involved, perhaps with several other mechanisms, for complete nuclear loss remains to be 51 
characterised.8 These three cell types are the only cells in mammalian tissues known to entirely 52 
remove their nucleus under normal physiological conditions, yet, little is known about nuclear 53 
removal in these cell types, the regulation of these pathways and whether they share common 54 
features. In this review, we aim to discuss what is known about nuclear removal in the eye, bone 55 
marrow and skin and consider areas which await definition. 56 
Lens fibre cell nuclear removal 57 
In the eye, lens formation requires the differentiation of lens fibre cells from epithelial cells on the 58 
outside of the lens with a complete complement of intracellular organelles into cells in the middle of 59 
the lens that are transparent, devoid of intracellular organelles and mainly filled with proteins 60 
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known as ‘crystallins’.3 The process seems to vary between different eukaryotes but involves 61 
rounding of the nucleus, formation of a smaller pyknotic nucleus before DNA degradation and 62 
nuclear breakdown, ‘karyolysis’ with release of DNA into the cytoplasm.3,9,10 63 
Together with these architectural changes of the nucleus, indentations in the nuclear shape and 64 
irregularities in DNA staining have also been observed.11 The distribution of sub-nuclear structures 65 
including nucleoli and Cajal bodies alters, the nuclear lamina is degraded and karyolysis can be 66 
observed due to the presence of DNA in the cytoplasm.3,12,13 Costello et al. observed that close to 67 
indentations in nuclear structures in the chick embryo were complex macromolecular aggregates 68 
including membranous structures.11 They termed these structures ‘excisosomes’ which appear to be 69 
important for degradation of the nuclear envelope, and have reported preliminary results that they 70 
are also present in developing primate lenses.11,14 71 
An important stage in the process of nuclear removal is DNA degradation. This step occurs in the 72 
nucleus of developing lens fibre cells, as illustrated by the presence of TUNEL staining, which 73 
recognises free 3’-OH ends of DNA.12,13 Expression of the DNA degrading enzyme, DNaseIIβ is 74 
upregulated in mouse lens fibre cell differentiation and mice deficient for DNaseIIβ develop 75 
cataracts and have DNA present in the mature lens, indicative of incomplete nuclear removal.13,15,16 76 
Another DNA degrading enzyme may also be required for this process as in DNaseIIβ deficient 77 
mouse lenses, fragmentation and clumping of DNA is still observed, suggesting some DNA 78 
reorganisation and degradation may be occurring.15 79 
DNaseIIβ has been localised to lysosomes closely associated with the nucleus and suggested to be 80 
delivered to nuclear material by fusion of lysosomes with the nucleus.13,15 However, it has been 81 
suggested that the autophagy and apoptosis pathways of eukaryotic cells are not co-opted to 82 
perform nuclear removal. Nuclear removal was not affected by knockout of the apoptotic caspase-3, 83 
caspase-6 or caspase-7 enzymes, or a double knockout of caspase-3 and caspase-6.17 No 84 
autophagosomes were observed close to the degrading nucleus in chick lenses and ATG5 has also 85 
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been shown to be dispensable for nuclear removal.11,18 However, ATG5 independent autophagy 86 
pathways have been reported and although lysosomes were also not observed close to the nucleus 87 
in the chick lenses cells, this has been reported in mouse lenses.11,19,20 The ubiquitin proteasome 88 
pathway has also been identified in the nucleus of developing lens cells where it may account for 89 
degradation of the nucleoplasm.21 90 
The variety of proteins identified as important for nuclear removal in the lens may indicate the 91 
variety of pathways required to regulate a process that should only be activated in this specific 92 
differentiation process. Regulation of lens nuclear removal has been shown to require both the 93 
suppression of mTORC1 signalling to induce the expression of autophagy related proteins such as 94 
ULK1 and LC3 and the activation of CDK1; without CDK1 signalling phosphorylation of nuclear lamina 95 
proteins lamin A/C was decreased and nuclear degradation was affected.20,22 Additionally, there are 96 
some clues from defects in transcriptional regulators, such as GATA-3, HSF4 and BRG1, with defects 97 
in these regulators leading to defective lens nuclear removal and defects such as cataracts.23–25 98 
However, other components of this regulatory pathway and how this process is initiated is currently 99 
unclear and may also involve calcium signalling, as the cytoplasmic calcium ion concentration 100 
increases in lens fibre cell differentiation.20,22,26 101 
Erythroblast nuclear removal 102 
In the bone marrow, erythropoiesis involves the differentiation of hematopoietic stem cells through 103 
several erythroid progenitor cells to mature erythrocytes.27 Prior to the formation of mature 104 
erythrocytes, erythroblasts extrude their nuclei through a protrusion of plasma membrane which is 105 
pinched off, forming an enucleate reticulocyte and a ‘pyrenocyte’, containing the condensed nucleus 106 
surrounded by a thin layer of cytoplasm.2 The reticulocyte forms the mature erythrocyte and the 107 
pyrenocyte is engulfed by macrophages of the bone marrow and degraded by fusion with 108 
lysosomes.28,29 109 
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Erythrocyte enucleation occurs throughout mammalian life span at a rate of approximately 2.5 110 
million times per second, however relatively little is known about how this process occurs and is 111 
regulated.30 In the space of ten minutes, chromosomes inside the nucleus condense, with loss of 112 
discernible nucleoli structures and the nucleus decreases in size and becomes rounder.31–33 DNA 113 
condensation through histone deacetylation by HDAC2 has been implicated in enucleation, and 114 
nuclear condensation has been suggested to occur through the leakage of DNA into the cytoplasm, 115 
through caspase-3 dependent nuclear openings, and through E2F-dependent transcriptional 116 
regulation of Citron Rho-interacting 60 kinase.34–37 The condensed nucleus is then expelled from the 117 
erythrocyte, through the activity of an actin rich structure known as the ‘enucleosome’ behind the 118 
nucleus.38  The mechanism for the final abscission of the pyrenocyte involves intracellular vesicle 119 
fusion and potentially formation of a cleavage actomyosin ring.2,39 120 
DNA degradation is also required in erythropoiesis, however, as nuclear breakdown occurs in the 121 
macrophages, after engulfment of the pyrenocyte, DNaseIIα expression is essential in macrophages, 122 
not in the enucleating erythroblasts.28 123 
Deficiency of caspase-3, an apoptotic enzyme, in mice did not lead to erythropoietic effects and pan 124 
caspase inhibitors did not affect enucleation.28 Additionally, the autophagy protein ATG5 was not 125 
required for nuclear removal.18 Suggesting that mechanisms of extrusion and nuclear breakdown are 126 
not linked to the cellular processes of apoptosis or autophagy. However, caspase-3 is required for 127 
transient nuclear openings that occur prior to nuclear extrusion and ATG5-independent autophagy 128 
pathways have been reported in mammalian cells.19,34 This may indicate the complexity of the 129 
mechanisms controlling this pathway, and several mechanisms have been proposed for the scission 130 
of the pyrenocyte.2,39 Indeed the regulation of these pathways and more precisely the initial 131 
mechanism that triggers nuclear removal remains unclear, although calcium signalling has been 132 
implicated; uptake of extracellular calcium causes a burst of increased intracellular calcium 133 
concentration 10 min prior to enucleation, which is required for efficient enucleation.40 134 
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Epidermal keratinocyte nuclear removal 135 
In the epidermis, keratinocytes terminally differentiate throughout life from proliferating 136 
keratinocytes in the basal layer into spinous, granular and then cornified layer keratinocytes, or 137 
corneocytes, in the uppermost layer.4 In the process of differentiation from granular keratinocytes 138 
into corneocytes, granular cells remove all their organelles, including the nucleus, allowing them to 139 
contain a high proportion of keratin and form a rigid cell layer that is essential for formation of the 140 
epidermal water barrier.4 141 
The nucleus is removed relatively rapidly from the uppermost granular cell layer, taking at most six 142 
hours.4,41 However, although this process occurs throughout the epidermis, throughout an 143 
organism’s lifetime, the mechanism by which granular keratinocytes remove their nucleus is as yet 144 
incompletely understood. 145 
Before removal the nucleus undergoes significant morphological changes: between the basal layer 146 
and the granular layers the keratinocyte nucleus decreases in volume, becomes more elongated, 147 
rotates to become more aligned to the basement membrane and develops indentations in its 148 
structure.42,43 The morphology and organisation of sub-nuclear structures also alters; decreased 149 
numbers of larger nucleoli move closer to the centre of the nucleus and the arrangement of 150 
heterochromatic structures also changes.42 However, architecture modifications beyond the 151 
granular layer have not been characterised in these studies, and indeed, transitional stages of the 152 
nuclear breakdown have yet to be characterised, perhaps due to the rapid nature of the 153 
breakdown.4 154 
Several mechanisms have been shown to be required for keratinocyte nuclear removal, including 155 
expression of DNA-degrading enzymes, targeted degradation of nuclear lamina proteins and 156 
degradation of parts of the nucleus through nucleophagy and, accordingly different regulatory 157 
pathways have been proposed.43–46 158 
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Without the expression of DNA degrading enzymes, principally DNase1L2 and the primarily 159 
lysosomal DNAse, DNase2, nuclei are retained in the cornified layer, a process known as 160 
parakeratosis.44 However, unlike in lens fibre cells, the lack of TUNEL staining suggests free 3’-OH 161 
ends of DNA are not present in this degradation, which may indicate differences in the DNA 162 
degradation mechanisms between keratinocytes and lens fibre cells.12,43 In addition to DNase1L2 and 163 
DNase2 a further DNA degrading enzyme may also be required; retained nuclei of DNase1L2 and 164 
DNase2 double knockout mice were TUNEL-positive, indicating some DNA degradation is 165 
occurring.44,47 This may be mediated by TREX2, an exonuclease upregulated during keratinocyte 166 
terminal differentiation, whose expression has been reported to increase in psoriatic lesion and to 167 
be essential for nuclear degradation in lingual keratinocytes.47,48 In mouse cells it was recently shown 168 
how lack of DNase2 not only would lead to nuclear material intracellular accumulation but also 169 
deregulation of the autophagy degrading machinery. This further confirms that signalling pathways 170 
deriving from the nucleus can either sense DNA damage or DNA re-arrangement and trigger 171 
autophagy.49 172 
How the DNA is accessed by these enzymes is not yet clear. The DNases would require delivery to 173 
the nucleus, and indeed filaggrin fragments have been reported in the nucleus, indicating a 174 
mechanism of protein transport into the nucleus which may not normally occur.46 Additionally, 175 
nuclear lamina degradation has been suggested to occur prior to DNase-dependent degradation; in 176 
DNase1L2 and DNase2 knockout mice lamin A/C degradation occurs without complete nuclear 177 
removal.44 178 
Lamins are intermediate filaments, organised into the nuclear lamina beneath the nuclear envelope, 179 
important for nuclear structure and organisation of nucleus. Although loss of lamins B1 and B2, does 180 
not affect skin development, degradation of lamin A/C is required for nuclear removal.45,50 AKT1 181 
dependent phosphorylation of lamin A/C was reduced in terminally differentiating AKT1 deficient 182 
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keratinocytes, with decreased lamin degradation and retention of nuclear material in the cornified 183 
layers, indicating targeted breakdown of the nuclear lamina is required for nuclear removal.45 184 
The rest of the nucleoplasm and the nuclear envelope also requires degradation and removal of 185 
these structures and parts of DNA has been hypothesized to be, at least in part, via nuclear targeted 186 
autophagy.43 However, whether canonical autophagy is important for keratinocyte nuclear removal 187 
is unclear; ATG5 and ATG7 are dispensable for epidermal nuclear removal.51,52 However, ATG5/ATG7 188 
independent autophagy pathways have been reported in mammalian cells and may be important in 189 
keratinocyte nucleophagy.19 Additionally, expression of some autophagy proteins is upregulated in 190 
keratinocyte differentiation and loss of autophagy proteins WIPI1 or ULK1 prevents nuclear 191 
removal.43 Few autophagy markers have been shown to have a nuclear localization. An elegant study 192 
has reported how nuclear LC3, which is mainly in the LC3-II form during starvation, is relocated into 193 
the cytoplasm,53 and more recently nuclear LC3-II and phosphorylated Ulk1 were shown to interact 194 
with γ-H2AX, Rad51 or PARP-1, involved in maintenance of genomic stability.54 Likewise p62 has 195 
been shown to regulate chromatin ubiquitination during DNA damage response.55 In differentiating 196 
keratinocytes, LC3 co-localises close to the nucleus with a histone binding protein, HP1α, suggesting 197 
autophagosomal breakdown of nuclear contents.43 Interestingly, in differentiating keratinocytes LC3 198 
can also interact with lamin B1, which accumulates in proximity of the perinuclear region where 199 
LC3/p62 double-positive aggregates where identified, suggesting nuclear targeted autophagy may 200 
also be important for nuclear lamina breakdown.43  201 
However, this process has only been documenting early stages of nuclear removal and there may be 202 
other mechanisms essential for complete degradation of the nucleus.8 203 
In nuclear envelopathies, diseases with defects in lamin genes, and mice with mutations in the gene 204 
encoding lamin A/C partial degradation of the nucleus occurs.56 Vesicular structures were observed 205 
perinuclearly, and in mice with a lamin A/C mutation these structures were identified as perinuclear 206 
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autophagosomes and lysosomes and contained nuclear material, indicating alterations to the 207 
structure of the nuclear lamina is required for nuclear degradation.56 208 
Similarly, to erythroblast and lens fibre cell nuclear removal, the apoptotic machinery is not 209 
implicated in keratinocyte nuclear removal.17,28 Caspase-3 is not activated upon differentiation and 210 
the protein iASPP prevents activation of apoptotic pathways in differentiating keratinocytes.43,57 211 
Again, how this programmed removal of the nucleus is activated and regulated is incomplete. AKT1 212 
and mTORC1 are required for regulation of nuclear removal and are both involved in growth, 213 
survival and differentiation signalling pathways, however, not much is known about how these 214 
proteins are activated and controlled in the specific case of nuclear removal.43,45,58 Calcium has again 215 
been postulated as a possible regulating factor, although its role in nuclear removal has not been 216 
studied.4 217 
Mammalian nuclear removal – Commonalities and differences 218 
Erythroblasts, lens fibre cells and keratinocytes all undergo rapid nuclear removal as part of their 219 
highly regulated terminal differentiation programs. All three processes involve condensation of 220 
nuclear DNA, reductions in nuclear volume, changes to nuclear morphology and requirement of DNA 221 
degrading enzymes (Table 1). However, current knowledge suggests they have evolved distinct 222 
processes for complete removal of the nucleus, the key processes understood to be important in the 223 
nuclear removal of these three tissues are summarised in Table 1. Erythroblasts expel a condensed 224 
nucleus from the cell, whereas, in lens fibre cells and keratinocytes the nucleus is broken down 225 
whilst still contained within the differentiating cell.2–4 226 
In both lens fibre cells and keratinocytes, the appearance of nuclear indentations increases with 227 
differentiation and macromolecular and membrane bound aggregates closely associated with the 228 
nuclear membrane are reported in these indentations.11,14,20,43 Although autophagy is not activated 229 
in a ‘classical’ manner in these cells, targeted autophagy of the nucleus, ‘nucleophagy’, may occur.43 230 
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In keratinocytes lysosomal and autophagosomal proteins localised close to the nuclear membrane, 231 
co-staining with DNA binding proteins and vesicles of lysosomal appearance were visualised close to 232 
the nucleus in murine lens fibre cells. However, macromolecular aggregates termed the excisosome 233 
have also been observed at this location without vesicles of lysosomal appearance in chick and 234 
preliminary experiments in primate lenses.11,14,20,43 Whether the excisosome and the autophagic 235 
bodies seen in proximity to the nucleus in terminally differentiating keratinocytes are analogous or 236 
even identical structures is open to debate, however the removal of portions of nuclear materials 237 
concomitant with lamin degradation appear to be common between these two tissues. 238 
The DNA degrading enzymes required for DNA breakdown do also differ. DNaseIIβ is necessary for 239 
lens fibre cell nuclear degradation, DNase1L2 and DNase2 are required for keratinocyte nuclear 240 
breakdown and DNaseIIα is required for pyrenocyte degradation by macrophages.13,15,44 How DNases 241 
access the nucleus from lysosomes in lens fibre cells and keratinocytes is not yet clear, nucleus-242 
lysosome fusion has been suggested, although this process has not be observed and DNA staining is 243 
not clearly visible in the lysosomal structures.13,16,43 244 
Implications and outlook – Piecing together the nuclear degradation process  245 
How entire nuclei are removed from mammalian cells has been a long-standing question, and we are 246 
beginning to characterise the processes that regulate controlled nuclear removal. There appear to 247 
be several varied mechanisms that regulate these events, intracellularly in lens fibre cells and 248 
keratinocytes and by extrusion in erythroblasts (Table 1).2–4 There may also be additional 249 
mechanisms for the removal of other cellular organelles in the differentiation of these cell types. In 250 
keratinocytes, increased numbers of lysosomes concomitant with the removal of organelles such as 251 
mitochondria and the Golgi and the requirement for autophagy in keratinocyte differentiation 252 
suggests autophagy-dependent removal.41,59,4,43 Nucleophagy in keratinocytes could be linked to this 253 
‘macro-autophagy’ of other organelles, but this remains to be established.43 However, in lens fibre 254 
cells degradation of the nucleus can be inhibited without affecting other organelles and in 255 
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erythrocytes autophagic pathways have been shown to clear mitochondria in a separate pathway to 256 
the expulsion of the nucleus suggesting that nuclear removal is likely to be a distinct pathway to 257 
organelle degradation.60,61,15 258 
Whether the initial pathways of nuclear remodelling, and subsequent breakdown of the nuclear 259 
envelope and degradation of nuclear DNA in lens fibre cells and keratinocytes, are common to these 260 
cell types has yet to be determined, however based on our experimental findings and the work of 261 
other groups we could propose the following order of known processes of nuclear degradation in 262 
keratinocytes. Firstly, AKT1 dependent phosphorylation of LMNA occurs (Figure 2, Step 1). We 263 
hypothesise that this marks a region that is targeted for nucleophagy. Also, DNase2 may act during 264 
this part of the process if it is present in the autophagolysosome (Figure 2, Steps 2 and 3). This 265 
process is iterative, but a point is reached where integrity of the nuclear lamina cannot be 266 
maintained (Figure 2, Step 4). At this point various DNases can enter the damaged nucleus to 267 
degrade the DNA. What is not clear is whether the remainder of the nuclear lamina is degraded 268 
prior, during or after this process.  269 
The later stages of nuclear removal in lens fibre cells and keratinocytes, beyond remodelling of 270 
nuclear structure and initial association with lysosomes or other macromolecular aggregates, remain 271 
to be characterised in both cell types. Erythroblast nuclear removal has been characterised with a 272 
variety of methods including microarray analysis of gene expression, flow cytometry analysis of 273 
morphology with pharmacological treatments and fluorescently labelled nuclear components.39,62–64 274 
Lens fibre cell differentiation in vitro is complex and does not fully recapitulate the formation of a 275 
lens, however, well established assays have been determined for keratinocyte differentiation in 276 
culture, and nuclear removal could perhaps be followed in these cells using the aforementioned 277 
tools.20 278 
Future directions 279 
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Nuclear removal, particularly in lens fibre cell and keratinocyte differentiation, is a complex process 280 
which is as yet incompletely understood. However, some key questions that arise from studies of 281 
nuclear removal in these cell types and erythroblasts include: 282 
x Do lens fibre cells and keratinocytes undergo cycles of nuclear opening, is this controlled by 283 
Lamin degradation? 284 
x How do lysosomal DNases get delivered to the nucleus? And how do filaggrin fragments 285 
access keratinocyte nuclei? 286 
x The organisation of the nuclear lamina can affect heterochromatin organisation – does 287 
nuclear remodelling alter DNA structure in a targeted way to alter gene expression and how 288 
long during the process can transcription occur? 289 
References:  290 
1.  Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Molecular Biology of the Cell, 4th 291 
edition. 2002.  292 
2.  Keerthivasan G, Wickrema A, Crispino JD. Erythroblast Enucleation. SAGE-Hindawi Access to 293 
Res Stem Cells Int 2011; 2011.  294 
3.  Bassnett S. On the mechanism of organelle degradation in the vertebrate lens. Exp Eye Res 295 
2009; 88:133–9.  296 
4.  Eckhart L, Lippens S, Tschachler E, Declercq W. Cell death by cornification. Biochim Biophys 297 
Acta - Mol Cell Res 2013; 1833:3471–80.  298 
5.  Ji P. New Insights into the Mechanisms of Mammalian Erythroid Chromatin Condensation and 299 
Enucleation. In: International review of cell and molecular biology. 2015. page 159–82. 300 
6.  Mijaljica D, Devenish RJ. Nucleophagy at a glance. J Cell Sci 2013; 126:4325–30.  301 
7.  Chen K, Huang C, Yuan J, Cheng H, Zhou R. Long-term artificial selection reveals a role of TCTP 302 
 14 
in autophagy in mammalian cells. Mol Biol Evol 2014; 31:2194–211.  303 
8.  Peng H, Lavker RM. Nucleophagy: A New Look at Past Observations. J Invest Dermatol 2016; 304 
136:1316–8.  305 
9.  Modak SP, Perdue SW. Terminal lens cell differentiation I. Histological and 306 
microspectrophotometric analysis of nuclear Degeneration. Exp Cell Res 1970; 59:43–56.  307 
10.  Vrensen GF, Graw J, De Wolf A. Nuclear breakdown during terminal differentiation of primary 308 
lens fibres in mice: a transmission electron microscopic study. Exp Eye Res 1991; 52:647–59.  309 
11.  Costello MJ, Brennan LA, Mohamed A, Gilliland KO, Johnsen S, Kantorow M. Identification 310 
and Ultrastructural Characterization of a Novel Nuclear Degradation Complex in 311 
Differentiating Lens Fiber Cells. PLoS One 2016; 11:e0160785.  312 
12.  Dahm R, Gribbon C, Quinlan RA, Prescott AR. Changes in the nucleolar and coiled body 313 
compartments precede lamina and chromatin reorganization during fibre cell denucleation in 314 
the bovine lens. Eur J Cell Biol 1998; 75:237–46.  315 
13.  De Maria A, Bassnett S. DNase IIβ Distribution and Activity in the Mouse Lens. Investig 316 
Opthalmology Vis Sci 2007; 48:5638.  317 
14.  Costello MJ, Mohamed A, Gilliland K, Johnsen S, Schey K. High resolution confocal microscopy 318 
of potential newly described nuclear excisosomes in primate lenses. Invest Ophthalmol Vis Sci 319 
2017; 58:1213.  320 
15.  Nishimoto S, Kawane K, Watanabe-Fukunaga R, Fukuyama H, Ohsawa Y, Uchiyama Y, Hashida 321 
N, Ohguro N, Tano Y, Morimoto T, et al. Nuclear cataract caused by a lack of DNA degradation 322 
in the mouse eye lens. Nature 2003; 424:1071–4.  323 
16.  Nakahara M, Nagasaka A, Koike M, Uchida K, Kawane K, Uchiyama Y, Nagata S. Degradation 324 
of nuclear DNA by DNase II-like acid DNase in cortical fiber cells of mouse eye lens. FEBS J 325 
2007; 274:3055–64.  326 
 15 
17.  Zandy AJ, Lakhani S, Zheng T, Flavell RA, Bassnett S. Role of the executioner caspases during 327 
lens development. J Biol Chem 2005; 280:30263–72.  328 
18.  Matsui M, Yamamoto A, Kuma A, Ohsumi Y, Mizushima N. Organelle degradation during the 329 
lens and erythroid differentiation is independent of autophagy. Biochem Biophys Res 330 
Commun 2006; 339:485–9.  331 
19.  Nishida Y, Arakawa S, Fujitani K, Yamaguchi H, Mizuta T, Kanaseki T, Komatsu M, Otsu K, 332 
Tsujimoto Y, Shimizu S. Discovery of Atg5/Atg7-independent alternative macroautophagy. 333 
Nature 2009; 461:654–8.  334 
20.  Rowan S, Chang ML, Reznikov N, Taylor A. Disassembly of the lens fiber cell nucleus to create 335 
a clear lens: The p27 descent. Exp Eye Res 2017; 156:72–8.  336 
21.  Girão H, Pereira P, Taylor A, Shang F. Subcellular redistribution of components of the 337 
ubiquitin-proteasome pathway during lens differentiation and maturation. Investig 338 
Ophthalmol Vis Sci 2005; 46:1386–92.  339 
22.  Basu S, Rajakaruna S, Reyes B, Van Bockstaele E, Menko AS. Suppression of MAPK/JNK-340 
MTORC1 signaling leads to premature loss of organelles and nuclei by autophagy during 341 
terminal differentiation of lens fiber cells. Autophagy 2014; 10:1193–211.  342 
23.  Maeda A, Moriguchi T, Hamada M, Kusakabe M, Fujioka Y, Nakano T, Yoh K, Lim K, Engel JD, 343 
Takahashi S. Transcription factor GATA-3 is essential for lens development. Dev Dyn 2009; 344 
238:2280–91.  345 
24.  Cui X, Wang L, Zhang J, Du R, Liao S, Li D, Li C, Ke T, Li DW-C, Huang H, et al. HSF4 regulates 346 
DLAD expression and promotes lens de-nucleation. Biochim Biophys Acta - Mol Basis Dis 347 
2013; 1832:1167–72.  348 
25.  He S, Pirity MK, Wang W-L, Wolf L, Chauhan BK, Cveklova K, Tamm ER, Ashery-Padan R, 349 
Metzger D, Nakai A, et al. Chromatin remodeling enzyme Brg1 is required for mouse lens 350 
 16 
fiber cell terminal differentiation and its denucleation. Epigenetics Chromatin 2010; 3:21.  351 
26.  Gao J, Sun X, Martinez-Wittinghan FJ, Gong X, White TW, Mathias RT. Connections between 352 
connexins, calcium, and cataracts in the lens. J Gen Physiol 2004; 124:289–300.  353 
27.  Nandakumar SK, Ulirsch JC, Sankaran VG. Advances in understanding erythropoiesis: Evolving 354 
perspectives. Br J Haematol 2016; 173:206–18.  355 
28.  Yoshida H, Kawane K, Koike M, Mori Y, Uchiyama Y, Nagata S. Phosphatidylserine-dependent 356 
engulfment by macrophages of nuclei from erythroid precursor cells. Nature 2005; 437:754–357 
8.  358 
29.  Toda S, Nishi C, Yanagihashi Y, Segawa K, Nagata S. Clearance of Apoptotic Cells and 359 
Pyrenocytes. In: Current topics in developmental biology. 2015. page 267–95. 360 
30.  Palis J. Primitive and definitive erythropoiesis in mammals. Front Physiol 2014; 5:3.  361 
31.  Muir AR, Kerr DNS. Erythropoiesis: an electron microscopical study. Q J Exp Physiol Cogn Med 362 
Sci 1958; 43:106–14.  363 
32.  McGrath KE, Catherman SC, Palis J. Delineating stages of erythropoiesis using imaging flow 364 
cytometry. Methods 2017; 112:68–74.  365 
33.  Krauss SW, Lo AJ, Short SA, Koury MJ, Mohandas N, Chasis JA. Nuclear substructure 366 
reorganization during late-stage erythropoiesis is selective and does not involve caspase 367 
cleavage of major nuclear substructural proteins. Blood 2005; 106:2200–5.  368 
34.  Zhao B, Mei Y, Schipma MJ, Roth EW, Bleher R, Rappoport JZ, Wickrema A, Yang J, Ji P. 369 
Nuclear Condensation during Mouse Erythropoiesis Requires Caspase-3-Mediated Nuclear 370 
Opening. Dev Cell 2016; 36:498–510.  371 
35.  Simpson CF, Kling JM. The mechanism of denucleation in circulating erythroblasts. J Cell Biol 372 
1967; 35:237–45.  373 
36.  Ji P, Yeh V, Ramirez T, Murata-Hori M, Lodish HF. Histone deacetylase 2 is required for 374 
 17 
chromatin condensation and subsequent enucleation of cultured mouse fetal erythroblasts. 375 
Haematologica 2010; 95:2013–21.  376 
37.  Swartz KL, Wood SN, Murthy T, Ramirez O, Qin G, Pillai MM, Rao S, Minella AC. E2F-2 377 
Promotes Nuclear Condensation and Enucleation of Terminally Differentiated Erythroblasts. 378 
Mol Cell Biol 2017; 37:e00274-16.  379 
38.  Nowak RB, Papoin J, Gokhin DS, Casu C, Rivella S, Lipton JM, Blanc L, Fowler VM. 380 
Tropomodulin 1 controls erythroblast enucleation via regulation of F-actin in the 381 
enucleosome. Blood 2017; 130:1144–55.  382 
39.  Konstantinidis DG, Pushkaran S, Johnson JF, Cancelas JA, Manganaris S, Harris CE, Williams 383 
DA, Zheng Y, Kalfa TA. Signaling and cytoskeletal requirements in erythroblast enucleation. 384 
Blood 2012; 119:6118–27.  385 
40.  Wölwer CB, Pase LB, Russell SM, Humbert PO. Calcium signaling is required for erythroid 386 
enucleation. PLoS One 2016; 11:1–12.  387 
41.  Lavker RM, Matoltsy AG. Formation of horny cells: the fate of cell organelles and 388 
differentiation products in ruminal epithelium. J Cell Biol 1970; 44:501–12.  389 
42.  Gdula MR, Poterlowicz K, Mardaryev AN, Sharov AA, Peng Y, Fessing MY, Botchkarev VA. 390 
Remodeling of Three-Dimensional Organization of the Nucleus during Terminal Keratinocyte 391 
Differentiation in the Epidermis. J Invest Dermatol 2013; 133:2191–201.  392 
43.  Akinduro O, Sully K, Patel A, Robinson DJ, Chikh A, McPhail G, Braun KM, Philpott MP, 393 
Harwood CA, Byrne C, et al. Constitutive Autophagy and Nucleophagy during Epidermal 394 
Differentiation. J Invest Dermatol 2016; 136:1460–70.  395 
44.  Fischer H, Buchberger M, Napirei M, Tschachler E, Eckhart L. Inactivation of DNase1L2 and 396 
DNase2 in keratinocytes suppresses DNA degradation during epidermal cornification and 397 
results in constitutive parakeratosis. Sci Rep 2017; 7:6433.  398 
 18 
45.  Naeem AS, Zhu Y, Di WL, Marmiroli S, O’Shaughnessy RFL. AKT1-mediated Lamin A/C 399 
degradation is required for nuclear degradation and normal epidermal terminal 400 
differentiation. Cell Death Differ 2015; 22:2123–32.  401 
46.  Yamamoto-Tanaka M, Makino T, Motoyama A, Miyai M, Tsuboi R, Hibino T. Multiple 402 
pathways are involved in DNA degradation during keratinocyte terminal differentiation. Cell 403 
Death Dis 2014; 5:e1181.  404 
47.  Manils J, Fischer H, Climent J, Casas E, García-Martínez C, Bas J, Sukseree S, Vavouri T, Ciruela 405 
F, de Anta JM, et al. Double deficiency of Trex2 and DNase1L2 nucleases leads to 406 
accumulation of DNA in lingual cornifying keratinocytes without activating inflammatory 407 
responses. Sci Rep 2017; 7:11902.  408 
48.  Manils J, Casas E, Viña-Vilaseca A, López-Cano M, Díez-Villanueva A, Gómez D, Marruecos L, 409 
Ferran M, Benito C, Perrino FW, et al. The Exonuclease Trex2 Shapes Psoriatic Phenotype. J 410 
Invest Dermatol 2016; 136:2345–55.  411 
49.  Lan Y, Londoño D, Bouley R, Rooney M, Hacohen N. Dnase2a deficiency uncovers lysosomal 412 
clearance of damaged nuclear DNA via autophagy. Cell Rep 2014; 9:180–92.  413 
50.  Yang SH, Chang SY, Yin L, Tu Y, Hu Y, Yoshinaga Y, de Jong PJ, Fong LG, Young SG. An absence 414 
of both lamin B1 and lamin B2 in keratinocytes has no effect on cell proliferation or the 415 
development of skin and hair. Hum Mol Genet 2011; 20:3537–44.  416 
51.  Rossiter H, König U, Barresi C, Buchberger M, Ghannadan M, Zhang C-F, Mlitz V, Gmeiner R, 417 
Sukseree S, Födinger D, et al. Epidermal keratinocytes form a functional skin barrier in the 418 
absence of Atg7 dependent autophagy. J Dermatol Sci 2013; 71:67–75.  419 
52.  Sukseree S, Rossiter H, Mildner M, Pammer J, Buchberger M, Gruber F, Watanapokasin R, 420 
Tschachler E, Eckhart L. Targeted deletion of Atg5 reveals differential roles of autophagy in 421 
keratin K5-expressing epithelia. Biochem Biophys Res Commun 2013; 430:689–94.  422 
 19 
53.  Huang R, Xu Y, Wan W, Shou X, Qian J, You Z, Liu B, Chang C, Zhou T, Lippincott-Schwartz J, et 423 
al. Deacetylation of nuclear LC3 drives autophagy initiation under starvation. Mol Cell 2015; 424 
57:456–67.  425 
54.  Yan S, Liu L, Ren F, Gao Q, Xu S, Hou B, Wang Y, Jiang X, Che Y. Sunitinib induces genomic 426 
instability of renal carcinoma cells through affecting the interaction of LC3-II and PARP-1. Cell 427 
Death Dis 2017; 8:e2988.  428 
55.  Wang Y, Zhang N, Zhang L, Li R, Fu W, Ma K, Li X, Wang L, Wang J, Zhang H, et al. Autophagy 429 
Regulates Chromatin Ubiquitination in DNA Damage Response through Elimination of 430 
SQSTM1/p62. Mol Cell 2016; 63:34–48.  431 
56.  Park YE, Hayashi YK, Bonne G, Arimura T, Noguchi S, Nonaka I, Nishino I. Autophagic 432 
degradation of nuclear components in mammalian cells. Autophagy 2009; 5:795–804.  433 
57.  Chikh A, Sanza P, Raimondi C, Akinduro O, Warnes G, Chiorino G, Byrne C, Harwood CA, 434 
Bergamaschi D. iASPP is a novel autophagy inhibitor in keratinocytes. J Cell Sci 2014; 435 
127:3079–93.  436 
58.  Naeem AS, Tommasi C, Cole C, Brown SJ, Zhu Y, Way B, Willis Owen SAG, Moffatt M, Cookson 437 
WO, Harper JI, et al. A mechanistic target of rapamycin complex 1/2 (mTORC1)/V-Akt murine 438 
thymoma viral oncogene homolog 1 (AKT1)/cathepsin H axis controls filaggrin expression and 439 
processing in skin, a novel mechanism for skin barrier disruption in patients with atopic 440 
dermat. J Allergy Clin Immunol 2017; 139:1228–41.  441 
59.  Morioka K, Takano-ohmuro H, Sameshima M, Kominami E. Extinction of Organelles in 442 
Differentiating Epidermis. Acta Histochem Cytochem 1999; 32:465–76.  443 
60.  Ney PA. Normal and disordered reticulocyte maturation. Curr Opin Hematol 2011; 18:152–7.  444 
61.  Schweers RL, Zhang J, Randall MS, Loyd MR, Li W, Dorsey FC, Kundu M, Opferman JT, 445 
Cleveland JL, Miller JL, et al. NIX is required for programmed mitochondrial clearance during 446 
 20 
reticulocyte maturation. Proc Natl Acad Sci U S A 2007; 104:19500–5.  447 
62.  Rouzbeh S, Kobari L, Cambot M, Mazurier C, Hebert N, Faussat AM, Durand C, Douay L, 448 
Lapillonne H. Molecular signature of erythroblast enucleation in human embryonic stem cells. 449 
Stem Cells 2015; 33:2431–41.  450 
63.  Vacaru AM, Isern J, Fraser ST, Baron MH. Analysis of primitive erythroid cell proliferation and 451 
enucleation using a cyan fluorescent reporter in transgenic mice. Genesis 2013; 51:751–62.  452 
64.  Wölwer CB, Pase LB, Pearson HB, Gödde NJ, Lackovic K, Huang DCS, Russell SM, Humbert PO. 453 
A chemical screening approach to identify novel key mediators of erythroid enucleation. PLoS 454 
One 2015; 10.  455 
65.  Chen CY, Pajak L, Tamburlin J, Bofinger D, Koury ST. The effect of proteasome inhibitors on 456 
mammalian erythroid terminal differentiation. Exp Hematol 2002; 30:634–9.  457 
 458 
  459 
 21 
Figure legends: 460 
Figure 1: Nuclear degradation occurs during normal homeostasis. Degradation of the nucleus is a 461 
part of normal cellular homeostasis in three tissues. Grey nuclei and ND denotes where nuclear 462 
degradation occurs in each tissue. A) During the development of the lens, the lens epithelial cells 463 
migrate along the lens periphery before flattening out and synthesising crystallins. The middle 464 
portion, or nucleus of the lens is devoid of both organelles and the nucleus. B) Keratinocytes 465 
proliferate in the basal layer of the epidermis prior to terminal differentiation, where cells come off 466 
of the basal lamina and express different structural keratins forming the spinous layer. The nucleus is 467 
degraded in the upper layers of the epidermis called the granular layer, prior to the synthesis of the 468 
enucleate cornified layer which confers the majority of epidermal barrier function. C) Erythroblasts 469 
(red blood cell precursors) are formed by a process of nuclear condensation and extrusion, forming a 470 
body called a pyrenocyte, which is engulfed and degraded by adjacent macrophages. 471 
 472 
Figure 2: A possible order of events in nuclear degradation in keratinocytes. Possible stages of 473 
nuclear degradation based on our and other’s data. To begin, the nucleus is intact but is marked by 474 
phosphorylation of Lamin A/C (1). This targets an autophagolysosome (LC3-positive/LAMP2-positive 475 
body, orange) to that region of the nuclear lamina (2). The autophagolysosome removes some of the 476 
nuclear content, reducing nuclear size (3). Steps 1-3 are repeated iteratively until the nuclear lamina 477 
is sufficiently damaged to allow ingress of DNases. Then large scale degradation of the nuclear 478 
material occurs, potentially concomitant with further degradation of the nuclear lamina (5). Red 479 
colour denotes nuclear material, while green denotes the nuclear lamina. 480 




Table 1: Commonalities and differences in the key processes of mammalian nuclear removal; 484 
Comparison of known nuclear degradation processes and signalling pathways activated in 485 
keratinocytes, lens fibre cells and erythroblasts. A tick denotes that process or phenomenon is active 486 
in that cell type, a cross denotes that it is not, and - not determined in that cell type 487 
  Keratinocytes Lens fibre cells Erythroblasts 
Morphological 
changes 
Rounding 8 42,43 9 9,10 9 31,32 
Decrease in size 9 42 9 9,10 9 31,32 
Indentations 9 42,43 9 11 - 
Karyolysis - 9 9,10 9 34,35 
Through openings 




DNA condensation - 9 12 9 36 
HDAC required - - 9 36 
Sub-nuclear compartments 9 42 9 12 9 33 
Breakdown of the 
nuclear envelope  
Lamina degradation 9 45 9 12 - 
Phosph. of Lamin A/C 9 45 9 20 - 
Nuclear openings - - 9 34 
DNA degradation 
Enzymatic DNA degradation 9 44,47 9 16 9 28 
In macrophages 
TUNEL staining 8 43 9 12,13 - 
DNase expression ↑ 9 47 9 13 - 
DNase(s) required 9 44,47 9 15,16 9 28 
Proteolysis Ubiquitin proteasome pathway required 
- 9 21 9 64,65 
Apoptosis Apoptotic caspases required 8 
43,57 8 17 9 34 
Only for openings 
Autophagy 
ATG5 required 8 51,52 8 11,18 8 18 
Perinuclear autophagosomes  9 43,56 8 11,18 - 
Perinuclear lysosomes - 9 19,20 - 
Nucleophagy 9 43 - - 
Signalling 
mTORC1 signalling ↓ 9 43,45,58 9 22 - 
CDK1 signalling ↑ - 9 20 - 
AKT1 phosph. of Lamin A/C 9 45 - - 
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Signalling 
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CDK1 signalling ↑ - 9 20 - 
AKT1 phosph. of Lamin A/C 9 45 - - 
Intracellular calcium ↑ 9 4 9 26 9 40 
 
